Introduction
Bacterial secretion is an important mechanism used by several species in adaptation and survival in specific environments. This secretory process involves the translocation of different molecules from the interior of the cell to its exterior or the delivery of effectors, such as proteins, toxins or enzymes, into eukaryotic cells. These secreted proteins are necessary for bacteria to exploit the hostile environment of the host. Thus, secretion is an essential tool in bacterial pathogenesis and virulence (Cossart & Sansonetti, 2004; Merrell & Falkow, 2004) .
Several bacterial secretion systems have been described to date, with the type VI secretion system (T6SS) being the sixth and latest to be identified (Mougous et al., 2006) in Pseudomonas aeruginosa, a Gram-negative nosocomial pathogen responsible for lethal chronic infections in cystic fibrosis patients. This system has also been implicated in virulence and interbacterial competition (Kapitein & Mogk, 2013; Tashiro et al., 2013) . T6SS contains three main multimeric components: the transmembrane core (TssJLM), the baseplate (TssEFGK), and the tail and sheath complex (Hcp, VgrG and TssBC) (Durand et al., 2015; Bingle et al., 2008; English et al., 2014) , a puncturing device that is structurally reminiscent of the bacteriophage tail sheath. This bacterial machinery is used as a contractile injection apparatus that punctures the target cell membrane and thus delivers effectors into the host cell (Russell et al., 2011; Hood et al., 2010) .
Several components of the T6SS share structural similarity with elements of the viral infection machinery, such as the tube formed by hexamers of the bacterial Hcp1 (Mougous et al., 2006) , which resembles the T4 virus spike tube gp19 proteins (Leiman et al., 2009; Pell et al., 2009; . Indeed, analysis of the structure of Hcp1 also suggests a relationship with the gpV tail tube protein of the phage tail protein (Pell et al., 2009) . Moreover, the sheath formed by VipA/VipB (TssB1/TssC1 in P. aeruginosa; Zoued et al., 2014) seems to be a contractile structure that has been suggested to hug the Hcp1 tube and eject effectors upon polymerization, contraction and disassembly (Leiman et al., 2009; Bö nemann et al., 2009 Bö nemann et al., , 2010 Clemens et al., 2015; Kudryashev et al., 2015) . Hcp1 and VgrG1 have been described among these effectors (Mougous et al., 2006; Pukatzki et al., 2007) . This latter exoprotein, VgrG1, is structurally similar to the T4 phage (gp27) 3 -(gp5) 3 puncturing spike complex that is arranged as a needle-like -helix and is located at the tip of the shooting phage machinery (Leiman et al., 2009; Pukatzki et al., 2007; Browning et al., 2012; Kanamaru et al., 2002) . It has been proposed that the dual Hcp1/VgrG1 system acts as a spike in which Hcp1 constitutes the long tail and VgrG1 is the piercing tip. Both of these proteins cross the target membrane together, like the tail and tip used by phages to inject their DNA into the host cell (Leiman et al., 2009; Kanamaru et al., 2002) .
Only a few X-ray structures related to the T6SS puncturing device have been solved. So far, there are several crystal structures of Hcp homologues from P. aeruginosa (Mougous et al., 2006) , Acinetobacter baumannii (Ruiz et al., 2015) , Edwarsiella tarda (Jobichen et al., 2010) , Burkholderia pseudomallei (Lim et al., 2015) and Yersinia pestis (PDB entry 3v4h; Center for Structural Genomics of Infectious Diseases, unpublished work) and a double mutant from enteroaggregative Escherichia coli . While this work was being performed, the coordinates of a low-resolution structure of full-length P. aeruginosa PAO1 VgrG1 were deposited in the Protein Data Bank (PDB entry 4mtk; L. V. Sycheva, M. M. Shneider, M. Basler, B. T. Ho, J. J. Mekalanos & P. G. Leiman, unpublished work) . However, to date we have found no publication associated with this deposition. Furthermore, structural information for VgrG1 includes the N-terminal domain of E. coli VgrG1 (Leiman et al., 2009 ) and the C-termini of E. coli (Uchida et al., 2014) and V. cholerae (Durand et al., 2012) VgrG1. This latter structure contains the actin cross-linking domain (ACD) that is absent in VgrG1 from P. aeruginosa, and thus the majority of the hypothetical models generated for VgrG1 have been based on the T4 phage gp27-gp5 complex (Leiman et al., 2009) . This prompted us to study the three-dimensional details of full-length VgrG1 in order to obtain a better understanding of the different components of this bacterial secretion system.
Here, we have determined the crystal structure of fulllength VgrG1 from P. aeruginosa at a resolution of 2.0 Å , providing structural insights into a key component of the T6SS bacterial machinery. The high-resolution three-dimensional structure reveals a trimeric fold that differentiates two main parts of the protein assembly, the head and the spike, which are connected by a loop-based neck. This particular molecular arrangement resembles the puncturing-device machinery of the T4 bacteriophage (gp27) 3 -(gp5) 3 complex that the virus uses to inject its DNA into the host cell.
Materials and methods

Cloning, expression and purification
The DNA fragment encoding the full-length VgrG1 sequence from P. aeruginosa PAO1 was amplified from genomic DNA by PCR using the forward primer 5 0 -CGCGC-ATATGCAACTGACCCGCCTGGTCCA-3 0 and the reverse primer 5 0 -CGCCTCGAGGCCCTTCGCCGGCGGCGGAA-A-3 0 . The PCR product was cloned into the pET-29 vector (Novagen) without the stop codon, generating the plasmid pET-VgrG1 that allows the expression of a C-terminally Leu-Glu-6ÂHis-tagged protein.
For the production of native VgrG1, the pET-VgrG1 plasmid was transformed into E. coli Rosetta(DE3)pLysS cells. The cells were grown at 310 K in 2Â TY medium until the optical density at 600 nm reached a value of 0.7, at which point isopropyl -d-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM and the culture was grown for a further 4 h.
The cells were harvested by centrifugation and resuspended in lysis buffer [50 mM Tris-HCl pH 7.5, 500 mM NaCl, 146 mM sarkosyl (N-lauroylsarcosine sodium salt; Sigma) and 0.2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF; Sigma)].
After sonication, the lysate was clarified by centrifugation (20 000g, 30 min, 277 K) and the supernatant was filtered through a 0.34 mm pore-size filter (Sartorius). The sample was bound to an Ni-Sepharose column (5 ml HiTrap Chelating column, GE Healthcare) previously loaded with 0.1 M NiSO 4 solution and washed with 40 column volumes (CV) of a buffer consisting of 50 mM Tris-HCl pH 7.5, 200 mM NaCl in order to remove the free sarkosyl. The column was further washed with 5 CV of 50 mM Tris-HCl pH 7.5, 200 mM NaCl, 10 mM imidazole and VgrG1 was eluted with a linear gradient using 13 CV of wash buffer containing 500 mM imidazole. The fractions containing VgrG1 were mixed, concentrated with Amicon ultrafiltration devices (100 kDa cutoff, Millipore) and further purified by gel filtration. The sample was loaded onto a Superdex 200 16/60 column (GE Healthcare) equilibrated with 20 mM Tris-HCl pH 7.0, 100 mM NaCl at 295 K. The VgrG1-containing fractions were pooled and concentrated to 10 mg ml À1 as above, and the protein was finally flash-cooled under liquid nitrogen and stored at 193 K until use.
Overproduction of the target selenomethionine (SeMet)derivatized protein was carried out at 310 K according to a modification of the inhibition of methionine-biosynthesis pathway technique described by Van Duyne et al. (1993) , using the same non-auxotrophic cells as used for expression of the wild-type protein. The cells were first grown in 2Â TY medium to an optical density of 0.7 at 600 nm and the culture was then centrifuged twice (10 min at 3000g) and resuspended in 30 ml M9 medium (8.8 g l À1 Na 2 HPO 4 Á2H 2 O, 3 g l À1 KH 2 PO 4 , 0.5 g l À1 NaCl, 1 g l À1 NH 4 Cl). The cells were then grown in 1 l enriched M9 medium (1Â; 14.7 mg l À1 CaCl 2 Á2H 2 O, 246 mg l À1 MgSO 4 Á7H 2 O, 10 mg l À1 vitamin B 1 , 0.4% glucose) for 30 min at 310 K. Subsequently, an aminoacid cocktail was added directly as a powder to the culture [50 mg l À1 SeMet (Sigma), 100 mg l À1 lysine, 100 mg l À1 threonine, 100 mg l À1 phenylalanine, 50 mg l À1 leucine, 50 mg l À1 isoleucine and 50 mg l À1 valine] and, after 15 min, IPTG was added to a final concentration of 1 mM to induce gene expression. The overall yield was approximately 6 mg of SeMet-derivatized VgrG1 protein per litre of culture.
Protein crystallization and X-ray data collection
Initial crystallization trials were carried out with a Cartesian Honeybee robot (Digilab) using commercially available screens. Optimized crystals were obtained by the hangingdrop vapour-diffusion method at 277 K. After refining the initial conditions, crystals were obtained in 0.1 M HEPES pH 7.2, 0.2 M Li 2 SO 4 , 38% 2-methyl-2,4-pentanediol (MPD) by mixing 1 ml purified SeMet-labelled VgrG1 protein (10 mg ml À1 ) with 1 ml reservoir solution and equilibrating against 0.5 ml reservoir solution. SeMet-derivatized protein was produced in order to obtain experimental phases because at the beginning of the project there was no structure deposited in the PDB that could be used for solution of the structure. Heavy-metal soaks were also attempted in order to obtain experimental phases. Since the crystals of the SeMetderivatized protein diffracted better than those of the native protein, we used the SeMet-derivative data to solve the structure and for the discussion of the results. High-resolution data (2.0 Å ) were clearly evident for an SeMet-derivatized crystal soaked in 2 mM Nd 2 (SO 4 ) 3 solution for 16 min at 277 K.
Crystals were mounted on nylon loops and flash-cooled in liquid nitrogen. Diffraction data were collected on the BL13-XALOC beamline at the ALBA synchrotron, Barcelona, Spain and on both the PROXIMA1 and PROXIMA2-A beamlines at the SOLEIL synchrotron, Gif-sur-Yvette, France. The data set used for structure solution was collected at ALBA using a wavelength of 1.72785 Å (the Nd L I edge) at 100 K.
The reflections were integrated and scaled with XDS (Kabsch, 2010) and merged using AIMLESS (Evans & Murshudov, 2013) from the CCP4 program suite . The crystals belonged to space group P6 3 , with unit-cell parameters a = b = 78.6, c = 430.4 Å . This space group was selected owing to the presence of systematic absences on the c axis (00l; l = 2n). Analysis of the content of the asymmetric unit indicated the presence of two molecules (V M of 2.6 Å 3 Da À1 , with a solvent content of 53%). Data quality was analyzed with phenix.xtriage from the PHENIX package (Adams et al., 2010) . This indicated the presence of merohedral twinning in all of the VgrG1 crystals measured that belonged to this space group. The twinning fraction was 0.48 according to the H-test. Data-collection statistics are shown in Table 1 .
Structure determination and refinement
We were never able to obtain experimental phases from our SeMet-derivatized or heavy-metal-soaked crystals owing to the presence of severe merohedral twinning. In October 2014 we were able to obtain the coordinates of the low-resolution structure of VgrG1 from P. aeruginosa that had been deposited by Sycheva and coworkers. This structure has not been published to date. These coordinates (PDB entry 4mtk) were used to solve the structure of VgrG1 by molecular replacement using Phaser (McCoy et al., 2007) . The initial model was first refined using phenix.refine from the PHENIX package, with twin law h, Àh À k, Àl and simulated annealing. The final model was obtained by consecutive rounds of refinement performed with REFMAC5 (Murshudov et al., 2011) , using intensity-based twin refinement and alternating manual building with Coot (Emsley et al., 2010). Solvent molecules were introduced automatically and inspected visually. A total Table 1 Data-collection and refinement statistics.
Values in parentheses are for the highest resolution shell. of 5% of the reflections were used to calculate the R free value throughout the refinement process. The final model of VgrG1 from P. aeruginosa contains all 643 residues for each monomer. In addition, one (Leu) and two (Leu and Glu) extra residues belonging to the spacer of the His tag could be traced for chains A and B, respectively. 651 solvent molecules, 38 chloride ions and 13 sodium ions were also included ( Table 1 ). The quality of the model was assessed with MolProbity (Chen et al., 2010) and macromolecular interfaces and assemblies were explored with PISA (Krissinel & Henrick, 2007) . Assignment of the secondarystructure elements was carried out using DSSP (Joosten et al., 2010) together with a careful examination of the structure. 96.6% of the residues belonged to the preferred and allowed regions in the Ramachandran plot (the refinement statistics obtained for the final model are summarized in Table 1 ).
Three-dimensional structure superpositions were performed using the 'SSM superpose' and 'LSQ superpose' tools within Coot (Emsley et al., 2010) . All structure figures were generated with PyMOL (http://www.pymol.org/).
The structure of Hcp1 from P. aeruginosa was retrieved from the PDB (PDB entry 1y12; Mougous et al., 2006) . The docking analysis of Hcp1 and VgrG1 was carried out with the HEX docking software (Macindoe et al., 2010) .
Analytical ultracentrifugation
Experiments were carried out at the Analytical Ultracentrifugation Facility of the CIB, Madrid. The protein sample (0.5 mg ml À1 , 7 mM) was pre-cleared at 16 000g in buffer consisting of 20 mM Tris-HCl pH 7.0, 100 mM NaCl before the ultracentrifugation experiments. The analytical ultracentrifugation experiments were conducted at 293 K.
2.4.1. Sedimentation velocity. A sedimentation-velocity experiment was performed on an Optima XL-I analytical ultracentrifuge (Beckman, California, USA) using an An-50 Ti rotor and standard double-sector Epon/charcoal centrepieces (1.2 cm optical path length). The sample and reference solution (400 ml of each) were loaded and centrifuged at 48 000 rev min À1 for 3 h and 30 min, registering entries for 1 min at 280 nm.
The sedimentation-coefficient distributions were calculated by least-squares boundary modelling of the sedimentationvelocity data using the c(s) method as implemented in the SedFit software (v.2.51), as described elsewhere (Schuck, 2000) . The calculated frictional ratios (1.38) were used to transform the c(s) distribution into the corresponding molarmass distribution.
2.4.2. Sedimentation equilibrium. An Optima XL-A analytical ultracentrifuge (Beckman, California, USA) equipped with UV-visible absorbance optics was employed for analytical ultracentrifugation measurements using an An-50 Ti rotor. Sedimentation-equilibrium experiments were carried out at several speeds (6500, 13 000, 17 000 and 23 000 rev min À1 ) and at two wavelengths (280 and 292 nm) with a short column (95 ml). After the equilibrium scans, a high-speed centrifugation run at 48 000 rev min À1 was performed to estimate the corresponding baseline offsets.
The weight-average buoyant molecular weight of the VgrG1 protein was calculated using Hetero-Analysis (v.1.1.44; Cole, 2004) . The average molecular weight of the protein was determined from the experimental buoyant molecular values using a partial specific volume of 0.7239 cm 3 g À1 and a density of 1.00293 g cm À3 .
2.5. Small-angle X-ray scattering (SAXS) SAXS data were collected on BM29 at the European Synchrotron Radiation Facility (ESRF), Grenoble, France using the BioSAXS robot and a Pilatus 1M detector (Dectris, Switzerland) with synchrotron radiation at a wavelength of 1.0 Å . The sample-to-detector distance was 2.867 m (Pernot et al., 2013) and the protein samples were prepared at concentrations of 6, 12 and 17 mg ml À1 in a buffer consisting of 20 mM Tris-HCl pH 6.9, 100 mM NaCl, 2 mM DTT. Each measurement consisted of ten frames of 1 s exposure of a 100 ml sample flowing continuously through a 1 mm diameter capillary during X-ray exposure. Buffer scattering was measured immediately before measurement of the corresponding protein samples at 277 K. The scattering images obtained were spherically averaged and the buffer-scattering intensities were subtracted using in-house software. The three different sample concentrations showed the expected increase in I(0), as well as constant R g and ratios of scattering intensity, indicating little or no interparticle interactions. Particle envelopes were generated ab initio using DAMMIN (Svergun, 1999) . Multiple runs were performed to generate 20 independent model shapes that were combined and filtered to produce an averaged model using the DAMAVER software package (Volkov & Svergun, 2003) .
Results
Crystal structure of full-length VgrG1
The wild-type VgrG1 protein from P. aeruginosa was successfully expressed in a heterologous expression system and crystallized. The crystals presented a hexagonal morphology and belonged to space group P6 3 , diffracting to below 2.0 Å resolution. Initially, the lack of a suitable model prompted us to collect data from heavy-atom derivatives in an attempt to obtain experimental phases. The best diffraction data were obtained from one crystal using SeMet-derivatized protein soaked in 2 mM Nd 2 (SO 4 ) 3 solution. However, the crystals were found to be twinned, hampering the phasing procedure (Dauter, 2003) . After a three-dimensional model became available (PDB entry 4mtk), we were able to solve the structure by molecular replacement.
The asymmetric unit contains two molecules, chains A and B, which establish interactions with their two threefold symmetry-related chains, forming two trimers (Fig. 1a ). All 643 residues of both chains could be located in the electrondensity map (Fig. 1b ). Both monomers have an elongated shape with a long axis of around 180 Å . However, research papers Acta Cryst. (2016). D72, 22-33 superposition of the two monomers of the asymmetric unit showed some conformational differences, which were especially significant at the top and the bottom of the molecule (Fig. 1c) .
Biological assembly
The packing of the symmetry-related molecules in the crystal clearly indicates that the monomer does not represent the biological assembly. Three monomers related by a crystallographic threefold axis make up a compact unit (Figs. 1a  and 2a ). They establish very close and compact lateral contacts in the top half of the molecule, and at the bottom half the chains are intertwined with the symmetry-related chains, forming a triple-stranded -helix that strongly sustains the trimeric assembly ( Figs. 2a and 3a) . The existence of this trimeric assembly is further supported by analysis of the protein interfaces using PISA (Krissinel & Henrick, 2007) . Trimer A presents a surface area of 109 375 Å 2 with a buried area of 22 916 Å 2 , whereas trimer B buries a surface of 23 127 Å 2 in a total surface area of 106 924 Å 2 .
The quaternary arrangement derived from the crystal structure is also supported by the results of biophysical studies of the protein in solution, for example those obtained by both SAXS and analytical ultracentrifugation experiments. In SAXS studies the scattering profile together with the particle distribution function ( Supplementary Fig. S1a ) is consistent with an elongated molecule that has a maximum dimension (D max ) of 173.6 AE 6.3 Å and a molecular mass of 226.0 AE 32.3 kDa, which are in close agreement with the trimeric arrangement, which has a D max of 178 Å and a calculated molecular mass of 219.2 kDa. The crystallographic structure showed a very good fit to the SAXS ab initio model ( Fig. 2b ; Supplementary Fig. S1 ). These data are further supported by the results obtained by analytical ultracentrifugation for the molecular assembly present in solution ( Supplementary  Fig. S2 ).
Structure overview
The structure of VgrG1 results in a trimeric arrangement with a needle-like shape composed of two main domains, the head and the spike, and a small connecting region, the neck (Fig. 2c) . The upper part of the molecule is the head (residues 1-372, 388-411 and 430-449), which is the widest part of the molecule, and it can be subdivided into three regions arranged as three stacked rings (Fig. 2c ). The first ring (Fig. 2c, yellow) consists of two concentric layers. The inner layer is composed by one eightstranded antiparallel -sheet (5-6-2-1-18-19-15-12) from each monomer that generates a triangular-shaped -barrel with 24 strands and with lateral contacts among monomers between strands 5 and 12 (Fig.  2d ). The outer layer comprises a pair of two-stranded antiparallel -sheets (3-4 and 16-17; Fig.  2d ). The middle ring is a more extensive / block with one 3 10helix (1), three -helices (2-4), an antiparallel -sheet (7 and 9 strands), a É-loop motif formed by three strands (8, 11 and 10) and one two-stranded (13-14) parallel -sheet ( Fig.  2c, green, and Fig. 2d ). Here, the main contacts occur between strand 14 and residues located in the loop that connects the 3 10helix and the 7 strand. The third ring presents an OB-fold (oligonucleotide/oligosaccharidebinding fold) motif (Murzin, 1993) consisting of a -barrel made up by five strands (20-24; Fig. 2c, red, and Fig. 2d ). The three OB-fold motifs stack laterally on each other, making hydrophobic contacts that stabilize the ring, such as through the 23 and 24 strands. Also, a salt bridge established between Arg409 and Glu430, located in 22 and 23, respectively, of neighbouring OB-fold motifs represents another important stabilization point of this ring.
The neck, located in the middle of the trimer (residues 373-387, 412-429 and 450-464), is a small intertwined loop region with no ordered regular secondary structure that connects the head and the spike (Fig. 2c, blue) . The neck is essentially formed by loops entering and leaving the OB-fold motifs. Two Overview of the VgrG1 trimer. (a) Side stereoview, in cartoon representation, of the trimeric arrangement of VgrG1. Each chain is shown in a different colour. (b) Fitting of the VgrG1 trimer (green) into the SAXS model. (c) Diagram of the different structural features of the trimeric assembly. VgrG1 has a needle-like shape with two main domains (the head at the N-terminal and the spike at the C-terminal) connected by a loop-rich domain (the neck; blue). The head comprises three rings. The top ring is a -sheet-rich domain (ring 1; yellow), the middle ring is a mixed / block (ring 2; green) and the bottom ring is composed by three OB-fold motifs (ring 3; red). The spike is arranged as a -helix with four different structural motifs: a first -meander (brown), a long spiral -sheet (pink), a second -meander motif (grey) and the final two turns of the -helix (orange). The -helix located at the C-terminal extension of the molecule is shown in cyan. of these loops from one monomer embrace the third loop that belongs to a neighbouring monomer, thus beginning the intertwining of the three monomers that continues throughout most of the C-terminal region.
The C-terminal segment of the molecule is the spike (residues 465-643) and includes 16 -strands and one -helix from each monomer (Fig. 2d ). In the trimer assembly, these strands form three long -sheets with 16 strands each [two antiparallel (26 and 37) and 14 parallel] arranged in a triple-stranded -helix with a twisted triangular prism shape. Each -sheet comprises eight strands from one monomer, four from the second monomer and the other four from the third monomer. The spike can be divided into four structural regions according to the arrangement of the -strands. In the first segment (Fig. 2c, brown) , residues 466-500 form a -meander motif of three -strands (25-27; Fig. 2d ), while in a second section residues 503-564 ( Fig. 2c, pink) delineate a single spiral made up by eight -strands from each monomer intertwined and forming the central part of the spike (28-35; Fig. 2d ) that strongly sustains the C-terminal tail spike arrangement. The third region (Fig. 2c, grey) is another three-stranded -meander motif (residues 567-589) named 36-38 (Fig. 2d) . The fourth region (residues 591-603; Fig. 2c, orange) includes the last two -strands (39 and 40; Fig. 2d ) and one loop that forms the tip of the needle.
Finally, there is an extended loop from amino acid 612 including the last three-turn -helix (5; residues 625-635; Fig. 2d ) that folds back onto the surface of the spike, generating a sheath-like structure (Fig. 2c, cyan) that is mainly stabilized through hydrophobic interactions.
Surface
The outer surface of VgrG1 does not present any significant characteristics other than small positively and negatively charged patches (Fig. 3c ). The top view shows an equilateral triangular opening to a central cavity with a side length of around 32 Å measured between Gln214 of two of the monomers (Fig. 3a, dotted triangle) . This cavity acquires a funnel shape and extends deep into the molecule (around 60 Å ), and a positively charged floor made up by Arg148 and Arg365 can be observed at the bottom (Fig. 3b, red) . The inner side of the cavity is mainly composed by the side chains of charged and hydrophilic residues (30 Arg, three His, 24 Glu, six Asp, nine Thr, three Ser, 15 Gln and six Asn). Three small cavities can be observed at the top of trimer A of around 15 Å in depth (Fig. 3c, circles) . These pockets present a negatively charged bottom made up by the side chain of Glu27 and the carbonyl O atoms of Glu28, Arg31, Leu32, Gly296 and Ala297. Thus, the entrance presents a positively charged edge towards the outside of the molecule and a hydrophobic edge towards the central cavity. In trimer B these pockets are not exposed, as the loops between strands 18 and 19 are located on top of these cavities and consequently hide them ('open' conformation; Figs. 3c and 5b ). This loop flips over the 18 axis, rotating the 18-19 plane by more than 120 and thus reducing the internal diameter of the VgrG1 head cavity by up to 15 Å in trimer A ('closed' conformation; Figs. 3c and 5b) .
The spike presents a well characterized internal hydrophobic polar hydrophobic environment, a charge distribution that is originated by the side chains of the residues pointing towards the centre of the -helix. These residues are aligned in a pattern that occupies a consensus position (Fig. 3d , positions c and e) in a manually assigned octad repeat pattern (a-h). The first -meander motif (25-27) shows hydrophobic residues (Fig. 3d, residues in green) , except for one Ser at the first inner position of the first -strand. The next seven strands show mainly hydrophilic amino acids (from 28 to 34; Fig. 3d , residues in orange), except for four positions out of 14. The remaining six strands including the second -meander together with the last segment of the spike again show mainly hydrophobic residues at these positions (Fig. 3d , residues in green). Tyr560 located in the 35 strand (Fig. 3d) interacts with hydrophilic residues of 34 apart from its symmetryrelated tyrosines.
At the bottom, a small triangular cavity at the centre of the molecule can also be discerned with a side length of around 8.5 Å between Leu608 from each monomer (Fig. 3a, dotted triangle) and a depth of around 33 and 28 Å for molecules A and B, respectively. This length covers the last five -strands of the C-terminal -helix. The difference between these distances comes from the presence at the bottom part of three feet in trimer A (Fig. 3e, yellow) but not in trimer B. Each foot is made up by residues 602-610, with a distribution of hydrophobic residues towards the inside of the molecule (Fig. 3e , dots) and hydrophilic residues (Arg607, Asp609 and Asn611) towards the outside of the molecule (Fig. 3e, sticks) . In trimer B these three residues are pointing downwards, conferring a polar character to the bottom part (Fig. 3e) .
The last -helix at the C-terminal extension possesses an amphipathic character with hydrophobic residues at the surface of interaction with the spike (Val625, Ile629, Val633 and Met636; Fig. 2d, 5) , followed by three successive prolines (638-640). This creates some possibilities for the rearrangement of this region with implications in the piercing of the host cell membrane.
Discussion
Bacteria use a wide variety of secretion systems; in particular, the type VI secretion system seems to be an important tool in Gram-negative bacteria to communicate and deliver effectors into both prokaryotic and eukaryotic cells (Russell et al., 2011; Hood et al., 2010; Bartonickova et al., 2013) . Two proteins, VgrG1 and Hcp1, are the major components of the T6SS tube (Durand et al., 2015) . It has been proposed that VgrG1 forms the needle apparatus that pierces through the host cell envelope and delivers effector proteins inside, thereby mediating the toxicity (Leiman et al., 2009; . Also, the VgrG1 protein represents one of the principal effectors since it is a secreted and translocated component into eukaryotic cells (Bartonickova et al., 2013) . In this study, we present the crystal structure of full-length Comparison of our VgrG1 structure with the unpublished structure 4mtk determined by Sycheva and coworkers and with its structural homologues Vgr from E. coli and the T4 phage cell-puncturing device. (a) Superpositions of monomers A (left) and B (right) of our VgrG1 structure (ochre) with a monomer of the unpublished 4mtk structure (PDB entry 4mtk, red). Boxes represent the differences between the structures in the loop between strands 18 and 19 (partially absent in VgrG1 4mtk ) and at the bottom of the spike (top and bottom boxes, respectively). (b) Superpositions of putative Vgr proteins from E. coli (grey) with VgrG1 from P. aeruginosa (ochre). The top box shows a superposition of the N-terminal region of VgrG1 with the E. coli c3393 protein (PDB entry 2p5z; Leiman et al., 2009 ) and the bottom box shows a superposition of the C-terminal region of VgrG1 with a putative Vgr protein from E. coli (PDB entry 3wit; Uchida et al., 2014) . (c) Structures of the bacteriophage T4 cell-puncturing device (gp27) 3 -(gp5) 3 (blue and cyan, respectively; PDB entry 1k28, left panel; Kanamaru et al., 2002) and of the VgrG1 trimer from P. aeruginosa (ochre, middle panel). The superposition of VgrG1 trimer and (gp27) 3 -(gp5) 3 without the lysozyme domain (right panel) shows that the bacteriophage spike is longer than that of VgrG1, with the -helix having six additional turns.
VgrG1 at 2.0 Å resolution, providing the structure of a key component of the T6SS bacterial machinery and suggesting its possible roles in bacterial infection.
The low-resolution structure of VgrG1 deposited in the PDB (PDB entry 4mtk) shows a high degree of similarity to our structure (Fig. 4a) . Superposition of C atoms shows an r.m.s.d. of 2.2 and 1.5 Å for monomers A and B, respectively. Despite this high similarity, there are some significant differences worth pointing out. The most significant differences are located at both ends of the structure. The loop between -strands 18 and 19 has not been modelled in 4mtk, with only a few residues in both strands. However, in our structure this loop shows two different conformations (Figs. 3b and 3c ). The conformation of this loop in monomer B adopts what we have defined as an 'open conformation', while what can be seen of this loop in 4mtk indicates a different conformation (Fig. 4a,  right) . This loop in monomer A adopts what we have defined as a 'closed conformation': in this case not only do the few residues that match those from 4mtk show a different conformation, but strand 19 is also displaced (Fig. 4a, left) . The other significant difference is located at the bottom of the spike. This region in 4mtk shows a conformation very similar to that of monomer B (Fig. 4a, right) , while monomer A in our structure adopts a three-feet conformation (Fig. 4a, left) . The different conformations present in these two regions of the molecule that we have been able to model show a high degree of flexibility that might be important for the functionality of this protein in the context of interactions with other proteins.
Despite the low sequence similarity, VgrG1 shares structural similarity with two E. coli Vgr-related proteins, the N-terminal fragment of the c3393 protein (Leiman et al., 2009; Fig. 4b ) and the C-terminal part of a putative Vgr protein (Uchida et al., 2014; Fig. 4b) , showing a good overlap score with the N-terminal segment (secondary-structure superposition with an r.m.s.d. of 1.86 Å ). However, this value corresponds to the superposition of the monomers, as the trimers do not superpose that well owing to the larger diameter of the N-terminal cavity of E. coli Vgr.
On the other hand, VgrG1 shares structural similarity with the two proteins from the cell-puncturing device of bacteriophage T4, gp27 and gp5 (Kanamaru et al., 2002;  Fig. 4c ). Thus, the first two rings of the N-terminal domain of VgrG1 overlap with gp27, and the OB-fold domains and the spike overlap with gp5 ( Fig. 4c ). Only the lysozyme domain of gp5 is missing in VgrG1.
P. aeruginosa is able to use the T6SS for interaction with other bacteria as well as with eukaryotic cells (Mougous et al., 2006; Tashiro et al., 2013; Hood et al., 2010) . The translocation of VgrG1 into the latter should not require a glycosidase activity to cross the cell membrane. In the case of bacterial interaction this activity might help in crossing the cell wall. The lack of this domain does not seem to hamper the functionality of this type of protein. In the case of a close relative of T4, vibriophage KVP40, its gp5 also lacks the lysozyme domain (Rossmann et al., 2004) . A close inspection of the operon that encodes the T6SS shows the presence of a lysozyme-like protein that can be used for interaction with other bacteria (Mougous et al., 2006) . Also, P. aeruginosa possesses two effector proteins related to the T6SS with amidase and muramidase activities, Tse1 and Tse3, respectively, which are delivered into the periplasm of the host cell (Russell et al., 2011) .
4.1. The VgrG1 C-terminal domain: a needle-like structure with implications as a puncturing device Superposition of the C-terminal domains of T4 gp5 and VgrG1 shows that the bacteriophage spike is longer, with six extra turns of -helix (Fig. 4c) . The other structural difference between them is the presence of a C-terminal extension in VgrG1 (Ser612-Gly643) that folds back onto the -helix, interacting through the 5 helix (Figs. 2c, cyan, and 2d) . One important role for this C-terminal spike could be the initial interaction with the membrane and its piercing for the delivery of effectors and toxins into the host cell. Two structural formations have been reported as piercing tips to attack the membrane: one is the terminal Apex domain located after the -helical stalk of the membrane-piercing proteins of the P2 and '92 bacteriophages (gpV and gp138, respectively; Browning et al., 2012) and the second is found in the PAARrepeat proteins that bind to the C-terminal -helix of VgrG, sharpening the tip of the T6SS spike complex (Shneider et al., 2013) . These are examples of similar compact structures stabilized by iron or zinc ions.
However, the conformation of the end of the -helix of the VgrG1 structure does not present a sharp point to pierce the membrane as does the Apex domain or the PAAR-repeat proteins. We can see several ways for VgrG1 to adopt this type of piercing tip. The most simple would be the existence of PAAR-repeat or Apex-type proteins in P. aeruginosa that bind to the end of the spike, generating the piercing tip. A search for protein sequences containing the PAAR motif in the UniProt database (http://www.uniprot.org) showed the existence of at least four entries in P. aeruginosa PAO1. This might indicate that the T6SS is likely to have one of these proteins interacting with VgrG1 at the piercing tip of the apparatus and it even could be anchored by the embrace of the C-terminal extension of VgrG1, creating a strong tip for piercing the host cell membrane. Another possibility could be that the C-terminal extension (amino acids 612-643) undergoes a conformational change, coming to the front of the spike and forming a piercing tip, with a three-helix bundle with three prolines (638-640) forming a tight helix as the tip of this complex. The high proportion of hydrophobic residues in this domain (20 apolar versus 12 polar amino acids) suggests that these residues might be located on the outer face of this tip, facilitating access to the membrane (Lupas, 1996; Mason & Arndt, 2004) . It has been reported that proteins that adsorb to the membrane often do so by inserting at least some hydrophobic residues into the membrane core. This seems to be sufficient to deteriorate the chain-packing density of the lipid bilayer and to increase its permeability to water-soluble solutes (Cevc, 1995) .
In addition to the putative piercing-tip role, VgrG1 might have a role as a carrier of cognate toxins by the formation of research papers VgrG1-toxin complexes. It has been shown that the toxicity of Tse6, encoded by the PA0093 gene, is dependent on VgrG1. Tse6 is a two-domain protein with a putative toxin domain (Toxin_61) at the C-terminus and a PAAR-repeat motif at the N-terminus that can bind to the end of the VgrG1 -roll. This toxin is coupled with the Tsi6 immunity protein encoded by the PA0092 gene (Hachani et al., 2014; Whitney et al., 2014) .
VgrG1 N-terminal domain with a scaffold/transport role
The head domain of VgrG1 has the shape of a cup with a large cavity inside (Fig. 5a ). This cavity presents a hydrophilic surface that allows interaction with soluble proteins (toxins and/or effectors) that could be transported into the interior of the host cell in this way, where they could exert their function upon release. Notably, the conformational differences between the two chains suggest that VgrG1 is a very dynamic protein, in which the 18-19 loop affects the motions responsible for opening (molecule B) and closing (molecule A) this cavity (Figs. 3b, 3c and 5b) . Thus, this loop could play an important role in the Hcp1-VgrG1 interaction (see below) or act as a shutter to control the passage of molecules or effectors.
The current model of T6SS has Hcp1 hexameric rings (Mougous et al., 2006) forming the injection tube surrounded by a contractile sheath formed by HsiB1-HsiC1 (Brunet et al., 2013 Bö nemann et al., 2009 Bö nemann et al., , 2010 Lossi et al., 2013) . In this model VgrG1 is placed on the top of the injection apparatus as the tip of the needle. This implies a direct interaction between Hcp1 and VgrG1. This latter hypothesis is sustained by the detection of Hcp1 in secretions from patients infected with P. aeruginosa (Mougous et al., 2006) . In addition, VgrG1 is not found in the culture supernatant of hcp À cells and Hcp is not found in the vgrG À culture supernatant, suggesting that both molecules migrate together towards the host cell (Pukatzki et al., 2007; Zheng & Leung, 2007; Hachani et al., 2011) . The external and internal diameters of the Hcp1 hexamer ring are 85 and 40 Å , respectively. The external diameter is very similar to that of the head of VgrG1, $80 Å , and led us to propose a model for the Hcp1-VgrG1 complex (Fig. 5c ). The uppermost part of the head has three exposed loops that show a high degree of mobility, as can be seen by the different conformations that they adopt in the two trimers ( Fig. 1c) . Also, small cavities in the wall of the head might help in the docking between Hcp1 and VgrG1. The docking results showed a good interaction between VgrG1 and Hcp1, with binding energies of À365 and À150 kcal mol À1 for molecules A and B, respectively. The higher interaction energy occurs with the 'closed' conformation of VgrG1, in which the three exposed loops protrude into the tube formed by the stacked hexamers of Hcp1 (Fig. 5c ).
